xposure to influenza pandemics among pregnant women increases risk for preterm births, defects of the central nervous system, orofacial clefts, and congenital anomalies because of the hyperthermia that accompanies infection with the influenza virus.
1,2 As a consequence, in utero exposure to the 3 influenza pandemics of the 20th century have increased hospitalization rates of neonates. 3 Beyond infancy, 4 evidence is limited on the association between in utero exposure to influenza pandemics and hospitalizations in old age ( ‡ 70 years). Using in utero exposure to the 1918 influenza pandemic as a case study, we assessed the association between in utero exposure to influenza pandemics and hospitalizations in old age.
Existing literature provides opposing predictions of the impact of in utero exposure to influenza pandemics on hospitalizations in old age. Short-term defects observed from in utero exposure to influenza pandemics have been shown to adversely affect adult health outcomes such as acute myocardial infarction (AMI), stroke, and activities of daily living (ADL) limitations, such as trouble hearing, walking, and speaking 4, 5 ; this literature predicts increases in hospitalizations of older adults. [6] [7] [8] Other studies have
shown that in utero exposure to pandemic influenza reduces survival probabilities to old age. 4, 9 If individuals exposed in utero to the influenza pandemics with adverse health outcomes die before becoming older adults, then we would expect no significant increases in old-age hospitalizations. Our study resolves these opposing predictions by providing empirical evidence on the association between in utero exposure to the 1918 influenza pandemic and hospitalizations in old age. We hypothesize that defects observed among neonates [10] [11] [12] [13] who were exposed in utero to the 1918 influenza pandemic will lead to higher rates of hospitalizations in old age. The 1918 influenza pandemic is an ideal case study for 3 main reasons. First, a substantial percentage of individuals in utero were exposed to the influenza virus. Jordan et al. estimated that 33% of women of childbearing age (20-35 years) were infected with the virus.
14 Second, patterns of influenza infections were unpredictable. Hence, exposure to the influenza virus was as good as random and thus a natural experiment. 15 Third, the short duration and unexpected nature of the pandemic did not allow large-scale adjustments in behaviors that could bias model estimates. 4 To identify the effect of the 1918 influenza pandemic on health care, we compared hospitalization rates of older adults exposed in utero to the influenza pandemic and those in surrounding cohorts who were not exposed. The short duration of the pandemic and its unpredictable nature ensures similar characteristics among those exposed and unexposed in utero to the influenza pandemic.
We contribute to the existing literature in 4 ways. First, we estimated the size of the effect of in utero exposure to the influenza pandemic and hospitalizations in old age. Our study is the first to assess how in utero exposure to pandemic influenza affects hospitalizations in old age and provides estimates of the effect size and its direction.
Second, previous studies have shown how excessive mortality reduces differences in adverse health outcomes over time between those exposed in utero to the 1918 influenza pandemic and those who were not. 4, 9 Studies have analyzed adverse health outcomes of the exposed cohorts in their 40s and 50s; our data uniquely allow us to assess the persistence of adverse health outcomes of the exposed cohorts at old age ( ‡ 70 years).
Third, we used birth dates to reduce misclassification of those exposed and unexposed in utero to the influenza pandemic. Previous studies used cohort analysis to assess the long-term impact of in utero exposure to the 1918 influenza pandemic on various outcomes 4 ; a limitation of cohort studies is that they combine both exposed and unexposed groups and systematically underestimate effects on adverse health outcomes.
Fourth, the proximity of World War I to the 1918 influenza pandemic could influence the choice of becoming a parent. 16 If characteristics of parents differ for individuals exposed and unexposed in utero to the influenza virus, then this would bias our estimates. Other studies assume that influenza exposure is random; however, in our study we also explicitly show that by using birth dates to classify exposure, parents' characteristics between exposed and unexposed groups are similar on average and that our estimates are robust to controlling for these parents' characteristics.
METHODS
We used data from the Asset and Health Dynamics Among the Oldest Old (AHEAD) survey. 17 The AHEAD survey is a nationally 
Defining Cohort Exposure
The 1918 influenza pandemic occurred in 3 waves: March to July 1918, September to December 1918, and January to March 1919. The first and third waves were relatively mild, whereas the second wave resulted in the highest mortality rates. 9 We classified exposed individuals into 3 groups: (1) exposed in utero to the deadliest wave of the influenza pandemic, (2) exposed in utero to the relatively mild wave of the influenza pandemic, and (3) unexposed in utero to the influenza pandemic.
We defined exposure as having 1 or more months of in utero exposure to the influenza pandemic in the months prior to birth. For example, an individual born in August 1918 had 5 months of in utero exposure to the mild wave of the influenza pandemic, and would be classified as exposed in utero to the mild wave. Individuals who were exposed to both mild and deadly waves of the influenza pandemic during gestation were categorized to be in the most severe wave of the influenza pandemic. We classified exposure to the influenza pandemic by birth month as follows (in utero exposures by birth month for each wave are provided in Table A 
Outcomes
Our study outcomes included 2 measures of hospitalizations in the past 12 months (1993 AHEAD survey): (1) number of visits to a hospital and (2) number of nights hospitalized. We hypothesized that in utero exposure to the deadlier waves of the influenza pandemic should lead to higher rates of hospitalizations in old age compared with those who were unexposed. To understand factors that drive hospitalizations, we used existing literature on the impact of in utero exposure to influenza pandemics on adult health at ages 40 and 50 years and a Blinder-Oaxaca analysis to identify potential factors that drive hospitalizations. 4, 5, 18 We studied differences in rates of ADL limitations, mobility difficulties, AMI, and stroke between those who were exposed and unexposed in utero to the influenza pandemic for the full sample and also among the sickest in our population (as proxied by selfreported poor health [morbidity measure]).
Statistical Analysis
We compared unadjusted and adjusted differences in hospitalization rates between those exposed and unexposed to the deadly and mild waves of the influenza pandemic, with a multivariate regression model.
The parameter b 1 is the difference in hospitalizations between persons exposed to the deadly wave of the influenza pandemic and those who were not (control group); b 2 shows the corresponding difference between those exposed to the mild wave and the control group. We adjusted our regression estimates for age, race/ethnicity, gender, parents' characteristics, census division of birth, and residence 19 (X i ). We used multiple imputation methods to impute values for parents' characteristics when missing and show estimates both with and without controls. 20 We included the variables year of birth and quarter of birth (q i ) in our econometric specification to control for trends in hospitalizations and seasonal differences in birth weight. We included both census division of birth and residence to control for unobserved regional characteristics that do not change over time (and that may bias our estimates) and to control for regional variation in hospital use, respectively. Parental characteristics include father's and mother's education, age of death, and number of siblings. These variables proxy for family socioeconomic status (father's and mother's education), parents' health (father's and mother's age of death), race/ethnicity of parents (percentage Black, White, or Hispanic), and family size (number of siblings).
RESULTS
Characteristics for the AHEAD baseline sample (1993 survey wave) are reported for the full sample and by exposure status (Table 1) . Overall, the mean age of the full sample was 74 years with 57% female. Race was distributed as follows: 8% Black and 91% White. Among Whites, 2% were Hispanic. Father's educational attainment was 8.1 years and age at death was 71.5 years. Mothers had similar level of education to fathers, but lived longer (died at age 75.1 years). On average, there were 2 siblings per household. These characteristics do not significantly vary by in utero exposure status to the 1918 influenza pandemic and provide further evidence for random influenza exposure. Given the old age of our sample, functional limitations, as proxied by difficulties in mobility and ADL measures are common. In our sample, 45% reported high blood pressure, 35% reported mobility difficulties, 26% had a heart attack, 21% had at least one ADL limitation, and 10% reported a morbid state.
Differences in Outcomes by In Utero Exposure
Hospitalization rates were significantly different for individuals exposed in utero to the 1918 influenza virus ( Table 2) . Among the unexposed, the mean number of visits to a hospital was 29.7 per 100 persons and the mean number of nights hospitalized was 192.1 per 100 persons. In utero exposure to the deadly wave of the influenza pandemic increased number of hospital visits by 10.5 per 100 persons (P = .03; 35.4% increase). By contrast, number of nights hospitalized was not significantly different for those exposed to the mild wave of the influenza pandemic, compared with the unexposed group.
This difference in hospitalization rates continued to be significant after we adjusted for birth trends, seasonality, parents' characteristics, and census division. With controls, in utero exposure to the deadly wave of the influenza pandemic increased the mean number of hospital visits by 10.0 per 100 persons (P = .04). Study estimates were robust to various specifications, such as individual's own socioeconomic characteristics (Table B , available as a supplement to the online version of this article at http:// www.ajph.org). The robustness of study estimates to multiple specifications and controls for socioeconomic status and demographic attributes available in the AHEAD survey is consistent with random influenza exposure. Therefore, we expect our study estimates to be robust to any additional controls that are not available in the AHEAD survey.
Hospitalization Rates by Morbidity Status and In Utero Exposure
Individuals who are unhealthy have a higher demand for health care. 21 We explored potential factors driving hospitalizations by self-reported morbidity status. Among those with self-reported morbidity, we compared persons exposed in utero to the deadly wave of the influenza pandemic to those unexposed and found large differences in rates of ADL limitations and mobility measures (Table 3) . Differences in mobility as measured by the ability to walk several blocks and climb one flight of stairs were 20.5% (P = .01) and 23.8% (P = .01), respectively. Among those with no self-reported morbidity, we found no significant differences in the aforementioned characteristics. Other health characteristics, such as AMI, regardless of morbidity status, were not significantly different across exposed groups. In addition, ADL limitations, mobility, and AMI were not significantly different between those exposed and unexposed in utero to the milder wave of the pandemic ( 
Persistence of Adverse Health Effects Over Time
To assess differences in hospitalization over a longer time span, we combined the AHEAD 1993 and 1995 surveys. We found that in utero exposure to the deadly wave of the 1918 influenza pandemic increased the number of nights hospitalized by 93.6 per 100 persons (P = .09) and the number of visits to a hospital by 8.2 per 100 persons (P = .11) over the period 1992 to 1995 (Figure 1) .
Relative to the results for the 1992-1993 period, the estimates for all hospitalization outcomes are attenuated with larger standard errors. With higher-than-expected mortality among those exposed in utero to the deadliest wave of the 1918 influenza pandemic, 9 we expected smaller differences in hospitalizations over time.
DISCUSSION
We found that in utero exposure to the deadliest wave of the 1918 influenza pandemic increased the number of hospital visits for older adults. Among those with selfreported morbidity, we showed that higher Note. Coeff. = coefficient. Controls included year of birth, quarter of birth, age, race/ethnicity, gender, father's and mother's education, father's and mother's age at death, participant's number of siblings, and Census division. We used multiple imputation methods to impute values for parents' characteristics when missing. The sample size was n = 4063 (weighted sample size n = 12 649 216).
rates of functional limitations among those exposed in utero to the deadliest wave of the influenza pandemic was a primary factor explaining the high rates of hospitalization we observed in old age. The relationship we observed between higher rates of functional limitations among those exposed in utero to the deadly wave of the influenza pandemic and hospitalizations in old age is consistent with previous literature. Using the 1997 Medicare Current Beneficiary Survey, Chan et al. found that people with 5 to 6 ADL limitations have 3 times as many hospitalizations as those with no ADL limitations. 8 Similarly, Cawthon et al. found that individuals with low physical function, as proxied by mobility and muscle mass, are at significantly greater risk of hospitalizations in old age (1.55 incidence risk ratio). 23 Our study is the first to provide estimates for hospitalization rates of older adults exposed in utero to the 1918 influenza pandemic. As inpatient care is the most expensive type of health care treatment, 24 our finding that in utero experiences can have significant consequences on hospital visits among the elderly is relevant for policies that aim to manage health care cost.
Our study findings resolve the ambiguity of the association between in utero exposure to the 1918 influenza pandemic and hospitalizations in old age. Previous literature showed that in utero exposure to the 1918 influenza pandemic decreased survival probabilities to old age, which reduced differences in adverse health outcomes over time. 4, 9 If individuals exposed in utero to the influenza pandemics with adverse health outcomes die before they became older adults, then one would expect no significant increases in old-age hospitalizations. Our finding provides evidence against this hypothesis and shows that functional limitations observed in middle age 3 among those exposed in utero to the 1918 influenza pandemic persisted to old age and consequently increased rates of hospitalizations. Previous literature has shown high ADL limitations among those exposed in utero to the pandemic at earlier ages (ages 50 and 60 years). 4, 22 Using the Survey of Income and Program Participation, for example, Almond and Mazumder found that individuals exposed in utero to the 1918 influenza pandemic were more likely to have ADL limitations, including difficulty walking (17%) at age 60 years. 22 Our results show that these functional limitations persist to old age ( ‡ 70 years).
Our study estimates are also robust to controls for parents' health and socioeconomic status. The conscription process in World War I could have favored healthy and wealthy men. Our study estimates would have been biased if characteristics of parents observed during the pandemic were influenced by its proximity to World War I. We used birth data to classify individuals into exposed and unexposed groups and found insignificant differences in covariates between exposed and unexposed groups. The short The sample size was n = 427 (weighted sample size n = 1 224 750). b The sample size was n = 3636 (weighted sample size n = 11 424 466).
duration and unexpected timing of the pandemic alongside the insignificant differences we find across covariates by exposure group is consistent with random influenza exposure to the pandemic. The robustness of our estimates to controls for parents' health and socioeconomic status corroborates existing literature that has shown that in utero exposure to the 1918 influenza pandemic has had long-term adverse health effects in countries (Brazil) where participation in World War I was considerably smaller than that of the United States 25 or where there was no participation at all (Taiwan, Switzerland, and Sweden).
2,26,27

Limitations
There are a few limitations in our analysis. First, the AHEAD sample is based on selfreported data, which may be prone to recall error. However, the AHEAD survey and its responses have been validated. 28 This validation minimizes the role of recall error bias in our study. In addition, when we used cognitive test scores (memory and reasoning test) in the AHEAD sample as a proxy for recall error (higher cognitive test scores should be associated with fewer recall errors), we found no evidence of a correlation between in utero exposure to the influenza pandemic and cognitive test scores. Second, we focused on in utero exposure to the 1918 influenza pandemic. The choice to focus on in utero exposure is informed by existing literature, which shows that individuals exposed in utero to the 1918 influenza pandemic were the most affected. 4 In our study, we did not find any significant effects when we replicated the analysis for infants alive during the 1918 influenza pandemic. This lack of significance can be attributed to small sample size and, thus, future research can address this limitation.
Beyond the neonatal period, in utero exposure to the 1957 and the 1918 influenza pandemic has been shown to have an adverse impact on the aging process. 29 Kelly, for example, found that in utero exposure to the 1957 influenza pandemic stunted physical and cognitive development. 30 These adverse health outcomes are all risk factors for higher hospitalizations in old age. 23, 31 Our study findings are therefore relevant to other influenza pandemics.
Public Health Implications
During the 20th century, 3 influenza pandemics occurred: 1918 influenza pandemic, 1957 Asian influenza, and the 1968 Hong Kong influenza. The 2009 influenza pandemic, which was observed in the first decade of the 21st century, bolstered funds for influenza intervention programs such as influenza vaccinations and antiviral medications. 32 Given scarce resources, cost-benefit analyses have been used to determine the optimal mix of pandemic prevention and control programs. 33 Benefit evaluations of interventions that target pregnant women such as influenza vaccination and antiviral drugs focus on short-term reductions in hospitalizations among pregnant women and the fetus. 34, 35 Previous studies have
shown that in utero exposure to influenza pandemics can have an adverse impact on health beyond the neonatal period. Our findings suggest that these adverse health effects can persist to old age and consequently increase rates of hospitalizations. To determine investments in influenza pandemic prevention programs that protect fetal health, policymakers should therefore include long-term reductions in hospitalizations in their cost-benefit evaluations. Accounting for these benefits will increase the benefitcost ratio of interventions that target pregnant women and consequently the recommended mix of interventions that target pregnant women and the general population.
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